INTRODUCTION
The formation of NO from L-arginine in mammalian cells is catalysed by a family of isoenzymes, the so-called NO synthases [1] [2] [3] [4] . These enzymes are NADPH-dependent oxygenases which require tetrahydrobiopterin, FAD and FMN as cofactors. The isoforms of these enzymes which are constitutively expressed in endothelial and neuronal cells bind calmodulin in a reversible, Ca2+-dependent manner, and therefore can be activated by agonists which elevate the intracellular concentration of free Ca2+. Recent findings indicate that NO synthases are cytochrome P-450-like haemoproteins which are unique in that they contain both the reductase and the oxygenase catalytic domain on the same polypeptide chain [5, 6] . The genes encoding these NO synthases have been cloned from different types of endothelial [7, 8] and neuronal [9] cells.
In cultured bovine endothelial cells (EC), the Ca2+/calmodulindependent constitutive NO synthase (cNOS) is predominantly found in the particulate fraction [10, 11] , suggesting that this enzyme is a membrane-bound or -associated protein. This conclusion can also be derived from the deduced amino acid sequence of this enzyme which, in contrast to that of the mainly soluble neuronal enzyme [2] , contains a consensus sequence for N-terminal myristoylation [7] . Due to their localization at the blood-vessel wall interface, vascular EC are predisposed to sense physical stimuli such as shear stress or hypoxia. The shear stress exerted by the blood flow at the luminal surface of the endothelium is considered to be primarily responsible for the high continuous production of NO, the release of which seems to play cNOS isoenzymes or a single enzyme, the conformation of which differs between the soluble and membrane-bound state. Moreover, detailed subcellular fractionation of freshly isolated pig EC revealed that the distribution of cNOS activity closely resembled that of the plasma membrane marker 5'-nucleotidase, suggesting that most, if not all, of the cNOS activity in these cells is associated with the plasma membrane. This localization might render the enzyme more susceptible to activation by physical stimuli, such as a shear stress-induced change in the fluidity of the plasma membrane. Moreover, the continuous exposure to shear stress in vivo may also upregulate cNOS expression in EC, since specific enzyme activity, immunoreactivity and basal NO release were significantly higher in freshly isolated EC as compared with cultured EC. a crucial role in the control of organ blood flow (for references see [12] ).
We have recently postulated that an increase in shear stress may affect the fluidity of the EC plasma membrane, thereby modulating the activity of the membrane-bound cNOS [13] . We have, therefore, investigated whether this enzyme is localized to the plasma membrane fraction of EC. In the course of these experiments, we noticed that, apart from stimulating endothelial NO release acutely, continuous exposure of EC to shear stress may also upregulate cNOS expression in these cells [13] . umbilical veins were detached by treatment with dispase (2.4 units/ml for 45 min at 37°C). They were either taken directly or seeded in culture dishes (100 mm internal diam.; Greiner, Niirtingen, Germany) or on mirocarrier beads (Biosilon; A/S Nunc, Roskilde, Denmark), and grown to confluence in Dulbecco's modified Eagle's medium/Ham's F12 medium (1: 1, v/v) or in medium 199 containing 20 % fetal calf serum (Vitromex, Vilshofen, Germany), as described previously [14] .
EXPERIMENTAL
The cells were homogenized by five cycles of freeze-thawing (for the preparation of all intracellular membranes) or by sonication (three cycles at 100 W for 10 s; for the preparation of the soluble and microsomal fractions only) in ice-cold 50 mM Tris/HCl buffer (pH 7.4) containing 1.150% (w/v) KCI, 1 mM EDTA, 5 mM glucose, 0.1 mM DL-dithiothreitol (DTT), 200 units/ml SOD, 2 mg/l leupeptin, 2 mg/l pepstatin A, 10 mg/l trypsin inhibitor and 44 mg/l phenylmethanesulphonyl fluoride (PMSF; homogenization buffer 1). Subcellular fractions were prepared by differential ultracentrifugation at 2000 g for 10 min, 10000 g for 20 min and 100000 g for 60 min. An aliquot of the 2000 g supernatant, the resuspended 10000 g pellet (in homogenization buffer 1) and the 100000 g supernatant (cytosol) were stored at -70 'C. The 100000 g pellet (microsomes) was resuspended either in 50 mM Tris/HCl buffer (pH 7. A 1 ml aliquot of the microsomal fraction (2.0-2.5 mg of protein) resuspended in homogenization buffer 3 was layered over a 9 ml cushion of 27 % (w/v) sucrose in 10 mM Tris/HCl buffer containing 1 mM EDTA and centrifuged at 65000 g for 3 h, as described for human platelets in [15] . The 65000 g pellet (endoplasmic reticulum) was resuspended in homogenization buffer 2 and stored at -70 'C. The band (1 ml) at the sucrose interface (plasma membrane) was diluted with 9 ml of homogenization buffer 2 (without glycerol), collected by centrifugation at 100000 g for 60 min, resuspended in homogenization buffer 2 and stored at -70 'C.
Marker enzyme analysis Determination of cNOS activity Soluble guanylate cyclase (sGC) assay Haem-containing sGC from bovine lung was purified to apparent homogeneity as described [9] . The subcellular fractions from EC (10-100,ug/ml) were incubated, in the absence or presence of N0-nitro-L-arginine (L-NNA; 1 mM), for 10-30 
Immunodetection of cNOS
The proteins in the subcellular fractions from EC were separated by SDS/PAGE (8 % gel), blotted on to nitrocellulose membranes (Bio-Rad, Miinchen, Germany), and incubated with a primary monoclonal anti-cNOS antibody (dilution 1: 10000; raised against the enzyme from cultured bovine EC) and a secondary polyclonal anti-mouse horseradish peroxidase-conjugated antibody, followed by staining with 3,3'-diaminobenzidine and H202 as described for protein kinase C [20] . Prestained molecular mass markers (Bio-Rad; low and high range) were used as standards for the SDS/PAGE/immunoblot analysis.
Determination of basal NO release from cultured and native pig EC EC from pig aortae were grown to confluence in 24-well plates as described above. Endothelium-intact segments of pig aortae were cleaned of adventitial adipose and connective tissue, and mounted in a circular frame (18 mm internal diam.) with the adventitia facing the bottom of the frame. Both cultured and native EC were incubated with Tyrode's solution (200 and 400,ci respectively), either in the absence or in the presence of L-NNA (30,M), for 15 min at 37 'C. Thereafter, the buffer was changed and the incubation was continued for 1 min at 37 'C. After this time an aliquot of the supernatant (50,ul) was removed and analysed for NO content by using a modification of the aforementioned sGC assay [21] .
Miscellaneous
Protein concentrations were measured according to the method of Bradford [22] Unless indicated otherwise, enzyme activity in the subcellular fractions was determined by using the citrulline assay (t: determined by sGC assay). n denotes the number of experiments (in duplicate) performed with different batches of EC. Significant differences: *P < 0.05, **P < 0.01 versus cytosolic fraction. 'Native' denotes freshly isolated; 'particulate' is mitochondrial and microsomal pellets combined. Table 2 Distribution of cNOS and marker enzyme activities among subcellular fractions from freshly Isolated pig EC cNOS activity in the mitochondrial pellet (Mito), cytosol (Cyt), microsomes (Mic), endoplasmic reticulum (ER) and plasma membranes (PM) was determined by monitoring the L-NNA-sensitive
arginine. Cells isolated from 120 aortae were pooled for a single subcellular fractionation. Results are means+ S.E.M.; n > 3 with different batches of EC; *P < 0.05, **P < 0.01 versus microsomes; tP < 0.05 versus ER. Glutathione transferase, fumarase, antimycin-insensitive NADH-dependent cytochrome c reductase and 5'-nucleotidase were employed as marker enzymes for the cytosol, the mitochondrial matrix, the endoplasmic reticulum and the plasma membranes respectively (means ± S.E.M. of three replicates,; HM, homogenate; ND, not determined). The numbers in parentheses indicate the enrichment (fold) of the marker enzyme and cNOS activities in the mitochondrial, cytosolic and microsomal fraction relative to the postnuclear supernatant (i.e. homogenate), and in the ER and PM fractions relative to the microsomes. 
RESULTS

Distribution of cNOS activity in cultured and freshly isolated EC
Differential ultracentrifugation of homogenates from both cultured and freshly isolated bovine and pig EC as well as cultured human EC revealed that the majority of the L-NNA-inhibitable cNOS activity in these cells was associated with the particulate fraction, i.e. the combined 10000g and 100000g sediments (Table 1) . Of this particulate cNOS activity, % was present in the microsomal pellet, which consisted predominantly of membranes derived from the endoplasmic reticulum and plasma membranes (see below). Total cNOS activity was approximately 15 and 3 times greater in freshly isolated as compared with cultured pig and bovine EC respectively. Specific cNOS activity in cultured EC was very similar regardless of the species from which the cells were isolated ( Table 1) .
The cNOS activity in the microsomal fraction appeared to be tightly associated with the membrane(s), since resuspending the 100000 g sediment from freshly isolated pig EC in homogenization buffer 1, which contains approx. 150 mM KCI, followed by 60 min centrifugation at 100000 g, did not result in any appreciable increase in cNOS activity in the supernatant. In contrast, treatment of the microsomal fraction with CHAPS (20 mM) in homogenization buffer 2 for 30 min at 0-4 C solubilized approx. 80 % of the membrane-bound NOS activity (results not shown). Homogenization of the freshly isolated bovine or pig EC in 15 mM Hepes, pH 7.4 [23] , increased the proportion of soluble cNOS activity to 24 + 3 and 52 + 50% respectively (n = 3; cf. Table 1 ), whereas overall enzyme activity (particulate and soluble fractions combined) decreased more than 2-fold. When freshly isolated pig EC were homogenized in homogenization buffer 3, however, the distribution of total and specific cNOS activity among the subcellular fractions was not different from the values shown in Table 1 (results not shown).
Due to the high cNOS activity in freshly isolated pig EC, the microsomal fraction of these cells was chosen for a further subfractionation into endoplasmic reticulum and plasma membranes. To verify that the designation of the various subcellular fractions was correct, the activity of four different marker enzymes was determined in these fractions ( membranes and the cytosol respectively [16, 17] . Apart from the mitochondrial marker, there was no major contamination of the cytosolic fraction with the endoplasmic reticulum or plasma membrane markers, whereas this fraction was clearly enriched in glutathione transferase activity. Moreover, the fraction corresponding to the endoplasmic reticulum contained the highest cytochrome c reductase activity, while 5'-nucleotidase was most active in the plasma membrane fraction.
Although 76% of the total cNOS activity present in the microsomes was associated with the endoplasmic reticulum (comprising 87% of the total microsomal protein), specific cNOS activity was not only significantly enriched in the plasma membrane fraction, but its distribution among all subcellular fractions also closely resembled that of 5'-nucleotidase, the plasma membrane marker ( respectively ( Figure 1) . Moreover, the pH optimum (Figure 2 ) of the soluble enzyme (pH 7.1) was different from that of the microsomal cNOS activity (pH 7.6). Although both enzyme activities were similarly inhibited by L-NNA, NG-monomethyl-Larginine was a more potent inhibitor of the soluble cNOS, whereas the cytochrome P-450 inhibitor SKF-525A was more effective in blocking the microsomal enzyme (Table 3) .
Effects of shear stress on cNOS expression in EC The striking difference in cNOS activity between freshly isolated and cultured EC from the same species ( Figure 3) was also reflected by the significantly different cNOS content in the cytosolic and microsomal fractions of these cells, as determined by immunoblot analysis (Figure 3, inset) . The monoclonal anticNOS antibody recognized a single protein band with an apparent molecular mass of 142 + 2 kDa in both fractions from either bovine or pig EC (n > 3; Figure 3 , inset). The immunoblot analysis also revealed that the difference in specific cNOS activity between the cytosolic and microsomal fractions from the same EC type is reflected by the relative enzyme content of these subcellular fractions ( Figure 3 inset; identical results were obtained with cultured and freshly isolated bovine EC; n > 3).
One functional correlate of this apparent difference in cNOS expression was a substantiallyz4maller basal release of NO from cultured pig EC as comped t-o-Aative pig EC (Figure 3 ). In contrast to the standard citrulline assay, aliquots of the corresponding subcellular fractions were incubated in 50 mM Hepes buffer (pH 7.4) containing 0.1 mM EGTA instead of 1 mM EDTA, to which increasing concentrations of CaCI2 were added (10-480 ,M). The concentration of free Ca2+ in the buffer was estimated by using the Fura-2 method as described [23] . Results are means+ S.E.M., n = 4; the two curves are significantly different at P < 0.01. The incubations for the citrulline assay (in duplicate) were performed in 50 mM bis-Trispropane/HCI instead of 50 mM Hepes. This buffer is suitable for a pH range of 6.3-9.5. Virtually identical results were obtained with a buffer combination of 50 mM bis-Tris/HCI (pH 6.0-7.0), 50 mM Hepes (pH 7.04.0) and 50 mM Bicine (pH 8.0-9.0). Table 3 Inhibitor specificity of the cytosolic and membrane-bound cNOS from freshly isolated pig EC (30 dyn/cm2), and this increase in enzyme activity was reflected by a more than 2-fold increase in cNOS-specific immunoreactivity in this fraction as compared with the 10000 g supernatant derived from control cells (n = 2; results not shown).
DISCUSSION
The present findings demonstrate (i) that the majority of cNOS activity in bovine, pig and human EC is associated with the particulate fraction, i.e. the combined mitochondrial and microsomal sediments, and (ii) that the distribution of cNOS activity is not different between cultured and freshly isolated EC. Detailed fractionation of freshly isolated pig EC by using a simple density gradient technique revealed that most, if not all, of the cNOS activity present in these cells is associated with the plasma membrane fraction. This localization may render the enzyme more susceptible to an activation by physical stimuli, such as a shear stress-induced change in the fluidity of these membranes [24] . According to the marker enzyme analysis of the various subcellular fractions, there was considerable contamination of the mitochondrial sediment with endoplasmic reticulum and plasma membranes, but virtually no contamination of the microsomal sediment, the endoplasmic reticulum or plasma membrane fraction with mitochondrial membranes. By using a differential ultracentrifugation procedure very similar to ours, almost identical data have been obtained with freshly isolated bovine EC [25] . The contamination of the 10000 g pellet is likely to be due to the unfavourable sedimentation coefficient of the endoplasmic reticulum and plasma membrane vesicles. As a consequence, the high cNOS activity in the mitochondrial fraction (approx. 400% of the total cNOS activity) should be attributed to the cNOS content of these membranes and not to a cNOS activity present in the mitochondria of EC.
While the subcellular distribution of cNOS in freshly isolated bovine and cultured human EC corresponds to that previously described for cultured bovine EC [10, 11] , the Ca2+-dependency of the cNOS activity in freshly isolated pig EC contrasts with a previous report from this laboratory describing a partially Ca2+-independent soluble cNOS activity in these cells [23] . The most plausible explanation for this difference is that, in the previous study, a homogenization buffer with a comparatively low ionic strength was used, which largely precludes adequate vesicle formation. This may not only greatly affect the activity and physicochemical properties of the membrane-bound enzyme, but may also cause a substantial release of enzyme activity into the cytosol, thereby causing an underestimation of the particulate cNOS content.
Both the soluble and membrane-bound cNOS activity in freshly isolated pig EC as well as that in cultured bovine, human and pig EC (results not shown) was largely independent of the presence of exogenously added calmodulin, suggesting that there are either sufficient amounts of calmodulin in these crude preparations (cytosol) or that calmodulin is tightly bound to the microsomal enzyme [10] . In contrast, the activity of both the cytosolic and microsomal enzyme from freshly isolated pig EC was enhanced in the presence of FAD, FMN or both. This stimulatory effect increased with time, suggesting that the endogenous flavin nucleotides are inactivated or lost in the course of the enzymic catalysis. A similar time-dependent cofactor requirement has also been reported for tetrahydrobiopterin and the purified cNOS from rat cerebellum [26] .
Apart from these common properties, there were some striking differences between the cytosolic and microsomal enzymes from freshly isolated pig EC relating to their respective Ca2+-dependency, pH optimum and inhibitor specificity. In conjunction with the substantially higher specific cNOS activity and content of the microsomal fraction, these data point to the possible existence oftwo different Ca2+-dependent NO synthases in freshly isolated pig EC. Alternatively, the observed differences may be explained by a change in the conformation of a single enzyme depending on whether it is soluble or membrane-bound. Although in the intact EC cNOS may be exclusively associated with the plasma membrane, part of it will be released into the cytosol upon cell disruption, i.e. during the homogenization procedure. Such a change in the three-dimensional structure of the enzyme, e.g. affecting the Ca2+/calmodulin-binding site, may account for the observed differences in pH and Ca2+-dependency between the soluble and membrane-bound cNOS types. Moreover, the conformation of the active site of the soluble enzyme may also be altered, resulting in a decrease in activity and a different inhibitor specificity.
Recently, cNOS in cultured bovine EC has been shown to be phosphorylated after exposure of these cells to bradykinin, resulting in a translocation of the enzyme from the particulate fraction to the cytosol [27] . Even though the membrane association of cNOS in bovine EC appears to be largely dependent on the N-terminal myristoylation of the enzyme [28, 29] , its intracellular localization may be amenable to a more dynamic regulation by receptor-dependent signal transduction mechanisms. Due to the differences in activity between the cytosolic and membrane-bound cNOS in EC, it is tempting to speculate that one functional significance of this 'reversed translocation' might be an overall decrease in the NO-synthesizing capacity of these cells, hence representing a feedback mechanism for the agonistinduced NO release.
The pH optimum of the membrane-bound cNOS from freshly isolated pig EC was very similar to that of the purified inducible NO synthase from monocytes/macrophages (pH 7.8-8.0 [4] ), but clearly different from the pH optimum of the neuronal cNOS (the soluble and membrane-bound cNOS from rat cerebellum have a pH optimum of 6.7 [30] ). The finding that the activity of the endothelial enzyme is virtually lost within 1 pH unit above or below the optimum (pH 7.6) implies that changes in intracellular pH may play an important role in the control of cNOS activity in EC. This may be of particular relevance for ischaemic conditions,. where the intracellular pH is often substantially decreased. The substantial differences in cNOS activity and content and in the NO-releasing capacity between freshly isolated and cultured pig aortic EC suggest that the continuous exposure of the endothelium to certain stimuli in vivo affects cNOS expression. One likely candidate is the shear stress to which the cells are continuously exposed in vivo. Culturing these cells under virtually static conditions removes this stimulus and may consequently lead to a decline in cNOS expression. Indeed, exposure of cultured bovine EC to continuous shear stress for 16 h resulted in a significant increase in both cNOS activity and content. Moreover, preliminary evidence obtained in our laboratory suggests that unstimulated cultured bovine EC contain significantly less mRNA encoding cNOS than do freshly isolated cells. The notion that shear stress thus modulates cNOS expression in EC is supported by a recent paper [31] and our own findings with cultured bovine EC (results not shown), demonstrating that cNOS mRNA levels are markedly elevated in these cells upon exposure to continuous shear stress for 12-24 h.
In summary, our data support the hypothesis that the localization of the constitutive NO synthase in EC favours a modulation of its activity by physical stimuli such as a shear stressinduced change in the fluidity of the plasma membrane. Moreover, the expression of this enzyme in EC may also be influenced by the level of shear stress to which these cells are continuously exposed in vivo.
